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JETEFFECTSONFLOWOVERAFTERBODIXS~

SUPERSONICSTREAM

ByEdgarM. Cortright,Jr.,and

SUMMARY

CurrentNACAresearchonthesubject

FredD. Kochendorfer

of jeteffectsonthe
overafterbodies@ a supersonicstreamisbrieflysummarized.

flow
Sev-

eraljetnozzletypesinstalledinvariousafterbodyconfigurations
areconsideredfora widerangeofoperatingconditions.

INTRODUCTION

Increasedattentionis currentlybeingdirectedtotheproblemof
afterbodyaerodynamics,sinceafterbodydragfrequentlyrepresentsan
appreciableportionofthetotalbodydragofaircraftandmissiles.
Inthecaseofengine-in-fuselageandnacelleconfigurations,theyrob-
lemofpredictingtheflowfieldoverafterbodiesorboattailsiscom-
plicatedby interferenceeffectsfromthepropulsivejetthatissues
fromthebaseofthebody. Thisjetdisturbsa flowthatisalready
contaminatedby heavyboundarylayerandthatis subjecttowingand
tailinterferenceeffects.Inaddition,theflowisattemptingto
negotiatetheadversepressuregradientusuallypresentoveratleast
therearmostportionsof theboattail.Consequently,thedetailsof
theproblemareccmplex.

Inthepresentreportan attemptismadeto sumaarizesomeofthe
resultsof currentNACAresearchontheproblemof jeteffects.Empha-
sisisplacedonprovidinga definitionof thevariousphasesofthe
problem,aswellas onpresentingsomeoftheimportantconceptsand
parametersthatcontributetotheunderstsmdingofthesephases.Pre-
viousresearchonthesubjectofjeteffectsonexternalaerodynamics
maybe foundinreferences1 to 7. Themajorityofthedatacontained
hereinwereobtainedfromrecentunpublishedsources.

.
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APPARATUS :
Fourofthemodelsusedtodeterminejeteffectsontheflowover

aft&bodiesforthepresentreportareillustratedinfi@re1. The
—.

earliestmodel(upperleft)utilizeda half-stingwithsplitter-plate”
arrangement,whereintheunheatedjetairwasreversedindirection .-

withinthebodyanddischargedthroughhalfan afterbody.Thismodel
ismorefullydescribedinreference5. Thetwosmallstrut-mounted
models(lower),whichhaveprovidedmostofthedatapresentedherein,-
differfromeachotherinthatoneutilizesan oxygen-alcoholrocket
enginefora gassupply,whiletheother(describedinref.8)utilizes 3
unheatedair. Supportinterferenceeffect6appeartobe largerwhere
sidestrutsareused. Themostrecentlyutilizedisthelarge-scale
strut-mountedmodelforthe8-by 6-foottunnel(upperright).This
modelhasa gasolinecombustor,whichmakespossiblejettemperatures
fromatmospheric-to2500°F. Forcesandpressuresonthenozzleand
bodymaybe independentlymeasured.
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Thefollowingsymbolsare

cross-sectionalarea

—

SYM80LS

usedinthisreport:
●�

dragcoefficient,D/@B
,.

annularbasedragcoefficient,~/@b

pressurecoefficient,(p- Po)/%) .—

.

basepressure
base,(pb-

dragforce

diameter

Machnumber

massflow

coefficientreferencedto conditionsaheadof
Pa)/qa

totalpressure

staticpressure

pressure-risecoefficient

“



. NACARME53H25 . ... .....

~u-l
N

q

R

Re

T

v

x

&

Y

. v

( )~Pw-%+Pw-~
meanpressure-risecoefficient,~

qi qe

dynamicpressure,ypM2/2

gasconstant

Reynoldsnumber

totaltemperature

velocity

sxialdistanceupstreamofbase

angleofboattailatrearmoststation,deg

thicknessofboundarylayeratpointwherethevelocityequals
0.99timesthelocalstreamvelocity

angleofnozzleat efitstation,deg

ratioof specificheats

anglethatedgeofjetstresmties withbodysxisimmediately
afterleavingnozzle,deg

anglethatexternalstresmmakeswithbodyaxisimmediatelyafter
separatingfromend-ofboattail,deg

Subscripts:

a boattailstationjustupstresmofbase,no jetflow

B bodymaximum

b annularbase

e localstreamconditionsalong
separationfromboattail

i localstreamconditionsalong
rationfromnozzle

. j jetconditionsatnozzleexit

n nozzleexit
.

externalfreestreamlineafter

jetfreestreamlineaftersepa-
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s basebleedairmeasuredat exitstation,orejectorseconda~air

t throat

w wakeconditionsdownstreamofinteractionpointofjetand
externalstreams

o freestream

RESULTSANDDISCUSSION

ParametersandNomenclature

Beforetheresultsofthisresearchareconsidered,itisnecessary
todefinesomeofthegeometricandflowparametersinherentintheprob-
lem. A typicalconicalafterbodyisdepictedinfigure2(a).Boththe
jetandexternalflowarefromlefttoright.Importantgeometric
parametersaretheboattailangleor contourandthediametersofthe
body,thebase,andthenozzleexit.Thepressuresofinterestinclude
thefree-streampressurepo,theboattailpressuresp, thepressure
justaheadofthebase Pa,thebasepressurepb,andthejetstatic
pressurepJ“ Inaddition,thejettotalpressurePJ andtotaltem-
peratureTj areof importance.

A varietyofnozzleconfigurationsdischargingvarioustypesof
jetstreamsthroughtheexitopeninginthebasemaybe encounteredin
practice.Severalrepresentativetypesthathavebeeninvestigatedare
showninfigure2(b).Thesimplestoftheseistheconvergentnozzle,
whichisretainedintheemalyslsforreferencepurposes,evenatthe
higherMch numberswhereconvergent-divergentorejectornozzleswould
be requiredtoyieldmaximumthrustpotential.Theconvergent-divergent-
nozzlehasanincreasingratioofexitdismetertothroatdiameter
~/dt asthedesignpressureratioincreases.Thenozzle-exitangleG
isnotnecessarilyzercforthisnozzleorfortheothernozzles.With
theejectornozzle,theratioofexitdiametertothroatdiameteralso
increasesas thedesignpressureratioincreases.Inaddition}however,
a supplyofsecondaryairisprovidedto cushiontheexpansionofthe
primarystresmandthusprovidemorenearlyisentropicflow.When
bluntannularbasesarepresentandexhibitnegativepressures,air
is sometimesdischargedintothebaseregioninordertorealizethe
drag-reducingeffectsofbasebleed;thiscaseisalsobrieflytreated.

.
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JetEffectsonBoattailPressures

5

Jeteffectsonboattailpressuresareshownqualitativelyinfigure
3(a)forthecaseof supersonicflight.Thephysicalphenomenaare
illustratedintheupperportionofthefigure,whichdepictstheeffects
ofthejetfroma convergent‘nozzleontheflowovera 5.6°conical
boattail.Thejet,whichisshownata higherthanambientstaticpres-
sureattheexit,expandsonleavingthenozzleandthusdeflectsthe
externalstrem. Iftheflowwereinviscid,a shockwavewouldoriginate
preciselyatthemeetingpointoftheinternalandexternalstreams,~d
a pressurediscontinuitywouldexist.Thepresenceofthebcdyboundary
layerwithitslow-ener~subsonicregionprecludesthepossibilityofa
discontinuousriseinpressure,withtheresultthattherequiredpres-
surerisebeginshead oftheshockwave,wheretheboundarylayerthick-
ensandoriginatescompressionwaves.Ifthedeflectionissufficiently
greatandtheshockwavesufficientlystrongfortheparticularstateof
theboundarylsyer,theflowwillbe separatedfromtheboattail,tiasmuch
asthelow-ener~regionsoftheboundavlayerareunableto negotiate
therequiredpressurerise. Translationofthesesimpleconceptsinto
quantitativeformismostdifficult,withtheresultthatthereisno
currentmethodtopredictthemagnitudeof jeteffectsonboattailpres-
sures.Itmaybe possible,however,toapproximatetheonsetofsepa-
rationby useofthecritical-pressure-rise-coefficientconcept(ref.8).
Experimental.boattailpressuredistributionsareplottedinfigure3(a)
for
of
the

variousvaluesofthejetstatic-pressureratioP /po. Forvalues
Pj/P() 2appreciablyb excessof one,considemblehrustexistedover
rearmostportionsoftheboattail.

ModifyingFactors

I&n.yfactorsinfluencetheexactnatureof jeteffectsonboattail
pressures.Someofthesefactorsareillustratedinfigure3(b).The
jetinterferencedecreaseswithdecreasingoverpressureat theexit,which
mayresultfromeitherreducedjettotalpressureorfromincreased
=wnsionwithinthenozzle.Also,thepresenceofauannularbasecan
partiallyor entirelyshieldtheboattailfromjetinterference,depending
onthesizeoftheannul.us,becausethetiter- =d ~er~ stre~
separatefromthebodyandmeetdownstreamofthebase. Thejetthen
influencesthebasepressurebutwiJJusuallynotinfluencetheboattail
pressureuntilthebasepressurehadrisensufficientlyfarabovethe
rearmostpressureontheboattail.Thejeteffectisincreasedby the
useofa largeboattailangle,whichincreasesthestrengthofthe
trailingshockwave,increasestheadversepressuregradientoverthe
boattail,andthusmakesitmoresusceptibleto flowseparation.Lastly,
theuseoflargenozzle-exitanglesmayresultina relativeticreasein
thetrailing-shockstrengthandhenceinan increasedjeteffect.
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Withugle ofattackoryawat supersonicspeeds,thejetinterfer-
encehasbeenfoundtobe asymmetrical,whichcausesa destabilizing
shiftinthebodycenterofpressure,andwhichmaytifluencenearby
controlsurfaces.Angle-of-attackeffects,~ebeyondthescopeofthis
paper,however.

—

JetEffectsonBoattailDrag

Somejeteffectsonboattailpressuredragsata free-streamhkch
numbernear2.0arepresentedinfigure4 h orderto illustratethe
qualitativeconsiderationsdiscussedintheprevioussection.The
variationwithboattailshapeofthedrag-reducingeffectofa jetfrom
a convergentnozzleisshown.Inthecaseofthethreeconicalboattati~
ofbase-to-bodydiameterratioof0.5,thedragwithno jetincreased
considerablyastheboattailangleincreased.Thejetinterferencealso
increased,however,sothatallthee boattafiseaerfenceda Press~e-
dragreductionapproaching25percentata jettotal-
14. Thehighlyslopingparabolicafterbody(J3= 17.2

gr~;sueratioof
rearmoststa-

tion)experienceda muchgreaterJetinterference;sothat,at the
higherpressureratios,thedragwasreducedover40percenttoa value
lessthanthedragofa conicalboattailofequivalentlength(i.e.,
p =8.80). Dragdatawereobtainedby integrationofpressuredistri-

.—.
butionson small-scalemodelsinthecaseoftheconicalboattails
(ref.5);theparabolicboattaildragswere-obtainedfnthes~e~~er . ~..
fromexperimentsinthe8-by 6-foottunnelwheretheywerecheckedby
forcemeasurements.

Itmaybe notedthatthelargerdragreductionsinthecaseofthe
parabolicafterbodywereobtaineddespitethepresenceofa slightly

—

largerannulusthanwaspresentonthesharp-edgeconicalboattails,
althoughsmnularpressureforcesarenotincludedinthesedragdata.
Actually,a smallannuluscorrespondingtothisbase-to-nozzlediameter
ratioof1.11appearstoaffordlittleshieldingoftheboattail,even
inthecaseofthelow-angleboattails.However,witha largerannulus
(db/~= 1.41),theboattaildragforthethreeconicalboattailswas
virtualJyinvariantwithjetpressureratio.

Figure4 alsoillustratesthat,asnozzle-exitangle e increased,
thefavorableJetinterferenceeffectsforboththeconvergentandthe
convergent-divergentnozzlesalsoincreased.Increasingthenozzle-
exitangle12°inthecaseoftheconvergentnozzleresultedinthe
indicateddownwarddisplacementofthedragcurve.Inthecaseofthe
convergent-divergentnozzle}e wasincreased18°withthesameeffect.
Itmaybe notedthatno largedragreductionsresultedfromthe
convergent-divergentnozzlesuntilthenozzledesigntotal-pressure

–*

ratiowasappreciablyexceeded,thuscreatingsm overpressurecondition
.
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Theemount of dragreductionwhichmayoccurbelowdesignpressureratio
isdependentonthenozzleandboattaildetails.

Pressure-RiseCoefficient

Beforethepressuresthatactonannularbluntbasesarediscussed,
it isinstructiveto considertheconceptofcritical-pressurerisewith
theaidoffigure5. A foreward-factigstepwouldtheoretics.ldycreatea
detachedbowwaveinsupersonicinviscidflow;however,thepresenceofa
boundarylayerresultsh a separatedflowpatternofthetypeindicatedin
thefigure.Inreference9 itwasoriginallyproposedthata critical-
pressure-risecoefficienthe definedas thechangeinstaticpressurefrom
a stattonupstreamoftheseparationpointto a stationintheseparated
flowregiondividedby theupstreamQnsmicpressure.Furthermore,

itwassuggestedthatthecoefficient
()
*

is proportionalto Re-1/5
q

forturbulentboundarylayersforanygivenWch nuder andthatitmight
be appliedto correlateotherflowphenomenaofa somewhatrelatednature.
Additionalexperimentalevidence(ref.10)indicatesthattheeffectof
Reynoldsnumberforturbulentboundarylayersisnegligible.It isalso
showninreference10thattheexperimentallydeterminedpressure-rise

s coefficientfora bluntste~isinapproximateagreementtiththatofa
two-dimensionalairfoil(definedas indicated)andthatthispressure-
risecoefficientverieswith&ch ntier. Ifthebluntstepisrearward-

. ()%facing,experhentaldatafromreferencel.1indicate ~ tobe

tivariantwithMachnuniberat a valueofapproximately0.36.

Ifa sectionofa bluntannulusisconsidered,itis imnediatel.yap-
parentthattheflowissimilartobutmorecomplexthantheaforemen-
tionedcases.Inthiscasethetwostreamsthatseparatefromthesurface
ofthenozzleandbdy aregenerallyinclinedat differentanglesandare
atdifferentleveb ofpressure,temperature,andMachnumb=. Inaddi-
tion,thestateoftheboundaylayersismarkedlydifferentinthetwo
streams.However,it ispossibleto definea meanpressure-risecoefficient

()& , whichistheaverageofpressure-risecoefficientsbasedonthe
q

internalandexternalstreams.Unfortunately,thereductionofexperi-

mentalbase,bcdy,andnozzlepressurestoyielda valueof
()
+!

requiresa knowledgeoftheexternalandinternalstreamcurvaturesafter
separation,sincea two-dimensionalsolutionofthisflowfieldismarkedly

inadequate.
()
TMostofthevaluesof ~ presentedhereinwereobtained

by usingschlierenphotographstodeterminejetcurvatureandby using
a fewexistentcharacteristicsolutionsforthecurvatureoftheseparated
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externalflow.As a result,thesevaluesmustbeconsideredas onlya
crudefirsteffort,pendingmoreaccuratetheoreticaltreatment;such
treatmentwillrequirethedeterminationby characteristicsofa great
manyoverpressurejetshapesand,althoughtheyarelesssignificant,
thefreestreamlinesofsomeseparatedexternalflows.

Thehportamtfactto observeinfigure5 isnotthatbehaviorof
theindividualvariations,whichmayindicatescatter,wassomewhat
irregular,butratherthatmostofthevaluesofmeanpressure-rise
coefficientfortheconvergentnozzlesatbothhkchnumbersfellbetween
0.3and0.4,therangetobe expectedfromtheexperimentswithsteps
andairfoils.Althoughthedataarepresentedonlyforconicalbcattails.
of5.6° bosttailswithvaluesof ~ from0°to ll”alsoyieldedvalues

q

~ ~this ‘geo
of Inthecaseoftheconvergent-divergentnozzles
desi~% fora pressureratioof10.5,onlydataobtainedwitha small
annulusarepresented,sincesufficientinformationto correctthedata
forthree-dimensionaleffectswasnotavailable.A two-dimensionalsolu-
tion,whichmaynotbe muchinerrorfora smallannulus,wasthusuti-
lized.Againthemeanpressure-risecoefficientvariedonlyslightlyover
a widerangeofpressureratios,butthevalues werebelowthoseobtained
witha convergentnozzle;a satsifactoryexplanationforthediscrepancy ●

invaluesisnotknownatthistime.Attemptedcorrelationof
()
4 Q!,

%
and ~ withthebasicvariationofpressure-risecoefflcientwi~hMach “

numberfora step(ref.10)wasinconclusive.
.

Ingeneral,itcanbe con-
cludedthattheconceptofmeanpressure-risecoefficientisa unifying
one,butonethatrequiresadditionalstudy.

JetEffectsonBasePressure

Infigure6(a)theactualbehaviorofannulsrbasepressureisshown
fora miety ofnozzleandboattailgeon&riesandfora widerangeof
operatingpressure.Baseyressurecoefficientisplottedasa function
of jetstatic-pressureratiofor5.6°conicalboattail.sat a Machnumber
of1.9. Initialbasepressurecoefficientsforno jetflowareindicated
ontheordinate.Theclarityofthisfigureisenhancedifthejeteffect
fora typicalgeometryisfirststudied.

Fora convergentnozzlewith db/~ of1.11,a slightmount ofjet
flowproducedanappreciableincreaseinbasepressure;furtherincreases
injetpressure,andthusinjetflow,resultedinthejetstresmaspirat-
ingtheannulustoa lowerpressure.However,asthejetpressure ●

increasedstillfurther,thejetexpsmdedmoreandincreasedthestrength
ofthetrailingshockwaveat itsjuncturewiththeexternalstream.The .
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. wakep?essurethusticreased;andtheexistenceofa meanpressure-rfie
coefficientforcedthebasepressmeto increasealso.As thebase
diameterbecomeslargerrelativeto nozzle-exitdiameter,theexpanding
jetflowcurvesincreasinglytowardtheaxisbeforemeetingtheexternal
flow,whichwoulddecreasetheangleofinteractionbetweenthetwo
stresmsifthebasepressureremainedconstant.Thus,inordertomain-

taina nearlyconstanbvalueof
()
&
~

a largerinitialexpansionangle

g correspondingto a lowerbasepre6surecoefficientmustexistforthe
N givenjetpressureratio,as isseentobe thecase.Theportionsof

thesecurvescorrespondingto jettotalpressuresbelowthoseproducing
minimwnbasepressuresarenotincluded,exceptinthesingleillustra-
tivecase.

Compressedintothelowerendofthepresswre-ratiorangearethe
variationsofbasepressurecoefficienttitha convergent-divergentnoz-
zlehavingan expansionratiocorrespondtigto a designtotal-pressure
ratioof10.5.A nozzleofthistypehasa designstatic-pressureratio
of1 andreq.dzesa total-pressureratioof 21to operateat a static-

g
pressureratioof2. Thevariationsareessentia3Jyparalleltothe
correspondingvariationswithconvergentnozzlesbutaredisplaced

h slightlyinthepositivedirection.Includedisa singlevariation
obtainedwithan ejectornozzledesignedforthesamepressweratio;
thebasepressuresobtainedweresomewhathigherthanmightbe expected

. fromtheotherdata. It isbelievedthatthereisa logicalreasonfor
this,however.Thesecondaryweightflow,whichwas4 percentofthe
prs Wei@t flow ~~/mj) <T= = 0.04,createda leYerofrela-
tivelylow-energyairaroundthepr- jetstreamthatmightbe expected
to lowerthelimiting,pressureriseacrossthetrail= shockandthus
increasethebasepressure.

A practicalcomparisonoftheeffectsof jetsfroma convergentand
a convergent-divergentnozzleis illustza.tedby thecaseofa jettotsL-
pressureratioof10.5correspondingto aturbojetengineat a hbchnmn-
berof1.9. Theconvergentnozzle,withitsstatic-pressurerationear
5, generallyincreasedthebasepressureoveritsno-flowvalue,except
forextremelylargeannuli,andgeneratedappreciablypositivebasepres-
surestisomecases.Theconvergent-divergentnozzle (s= 0),however,
tithitsjetstatic-pressureratioof1,decreasedthebasepressures
belowtheno-flowwal.ueswiththeresultingtendencyto createrelatively
largebasedrags.An additionalpointof interestonthisfigureisthe
factthatreplacingtheidealizedbluntbasewitha 450bevel,suchas
mightoccurwithan irisor clamshellnozzle,didnotgreatlyalterthe
basicvariationofbasepressurewithjetpressureforthecaseof

●
~~~ of1.67. Thisresultwasalsofoundwitha convergent-divergent
nozzle.

.
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Thisentirefsmilyofpressurevariationsfortheconvergentnozzle
-d be crudelyreproducedtheoretically,withonlya valueof

()42 0.35given,exceptpossiblythe d~~ = 1.11variation.An tidi-
ca~ionofthe&ppr_te orderofaccuracyisgivenbythefactthat,
f~the caseof db~~ =.1.4 and pj/po= 4,a variationof0.04in

()
*
q resultsina variationof0.04inbasepressurecoefficient.How-

ever,itshouldbe remeniberedthata moreaccurateanalysisofthis
approachisrequired.

EffectofStreamMachNumber

TheeffectofstreamMachnumberonthesecharacteristiccurvesis
shownInfigure7, inwhichdataobtainedatMachnumbersof0.9and3.1
aregiven,anddataata Machnumberof1.9arereproducedinpartfor
reference.ThesameboattailsandnozzleswG-2’eusedthroughout.

Inorderto obtainthedataata Machnumberof0.9,theafterbodies
weremountedontheendofa pipethatextendedthroughthetunnelbell-
mouthintothecylindrictitestsection.Withno jetflow,thebase
pressurewasfoundtovaryconsiderablywithboattailshape.As the
extentofboattailingincreased,correspondingto smallerbasesandlower
VdW?S of db/~,theexternalstreamwasdiffusedmorebeforeseparation
atthebase;hencethebasepressureincreased.Boattailanglealsohad
anappreciableeffect,buttreatmentofthisparameterat subsonicspeeds
isbeyondthescopeofthispaper.Theactionofthejetbearsa certain
stirity tothatobservedat supersonicspeeds.Witha smallannulus,
theexpandingJettendsto impedetheflown= theemnulus,witha
resultantincreaseinpressure.Sincesubsonicflowwilltolerateno
abruptchanges,theseincreasesinbasepressurearealsotidicativeof
increasesinpressuresonthebos,ttail.Forlargebaseannuli,theJet
turnssxiallybeforemeetingtheexternalflowinthiqpressure-ratio
rangeand,ratherthandeceleratingtheflowjpumpsthebaseandboattail.
pressurestolowervalues.Higherjetpressureratios,however,seemto
reversethedirectionofthecurvesas at supersonicspeeds.Comparison
ofthecurveswiththoseobtainedata Machnumberof1.9inthesane
pressure-ratiorangeshowsthegeneralresemblanceatthetwoMachnum-
bersaswellasthelargerspreadinbasely%ssurecoefficientsexisti~”
atthehighsubsonicspeeds.ThedataatMachnumberof0.9havenot
beencorrectedforwind-tunnelwallinterference;sucha correction
wouldbe expectedto decreasethevaluesofbasepressurecoefficient.

At a Machnumberof3.1,theeffectofincreasedkch numberin
reducingthet&al spreadofthisfsmilyofcurvesisagainseen;the
jeteffectonbasepresqurecoefficientisappreciablyreduced.The
correlationoftheeffectofconvergentandconvergent-divergentnozzles
isevenmorestrikingatthisMachnumber,where,forthesamejetstatic-
pressureratio,thebasepressureisnearlythesamewitheithernozzle

4

--

.—— -—

.
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type(againneglectedisthepresmue-ratiorangebelowthosevalues
producingthemtdmumbasepressures).b addition,forthecaseofa
diameterratio db/~ of1.4,convergent-divergentnozzlesdesignedfor
pressureratiosfrom10.5to 50yieldedessentiallythesamebasepres-
surevariation.Theno-flowvs+uesofbaseyressureexealsoindicated
ontheordinatebutareunlabeled,sincetheyfollowthesameorderas
thecurveswithflow. Withtherangeofannulussizeslikelytobe
encountered(~/~= 1.4),theconvergentnozzleusually~roducesbase
thrustsatvaluesof jetstatic-pressureratiocorrespondingtothe
vsriousflightMachnunibers.Withthesam anruil.ussizes,theconvergent-
divergentnozzlesgenerallyproducebasedragat supersonicspeeds.

EffectofBoattailGecmetry

Thebasepressurecoefficientspresentedsofarwereobtainedtith
a specificfamilyofafterbodies.Changesinafterbodygeometrydonot
alterthebasictrends,providedtheflowremainsunseparat+overthe
boattail,buttheydo changesomewhatthepressurelevelofthefamily
ofcharacteristiccurves.Fortwoconvergentnozzles,theeffectof
changingconi~ boattail@es isshowninfigure8. Thedatawere
obtainedwitha jettotal-pressureratioof 8,buttheanalysisapplies
tootherpressureratiosaswell. Twoformsofbasepressurecoefficient,
theconventionalCp,b andalso C~)b,areutilized.‘Thecoefficient
c~,b)Origj=y usedin Z’efe2?=Ce 12 forbodiesof’revolution,essen-
ti~ referencesthebasepressureto conditionsjustaheadofthebase
andisthusa measureofthechangeinpressurefromtheendoftheboat-
tailto thebase. ~~ c~,b tothepressurecoefficientjustupstream
ofthebaseyieldsC~,b approximately.

As theboattailangleincreases,the~ive tu.rn3ngatthebase
decreasesandcanturnto compression;thevalueof C* thusincreases
inthepositivedirection.However,witha fixedbasep~b-ter,the
pressuresheadofthebasegeneralJydecreasesandresultsinonlya
moderatevariationintheconventionalbasepressurecoefficientwith
boattailangle.Thecurvesarepredictedvariationsobtainedfromthe
datafor ~ = 5.6°sadfromassun@ionssim51artothoseofreference5,
whichhavehadlimitedsuccessinestimatingtheeffectsofboattail
shapeonbasepressurewithno jetat supersonicspeeds.Theflow-
se~amtionangle ~, calculatedfromtheinitialdatajisassumedto
remaininvariantwithboattailshapefortheparticularjetpressure
ratioand..wal.ueof ~~~. Combiningtheresultingvaluesof c&b
withvaluesof Cp,a predictedfortiviscidflowbyreference13
yieldedtheindicatedvariationof Cp,b.@?eeMentwithexperimentis
notalwaysthisgood,andthemethodbreaksdowniftheflowseparates
aheadofthebase. To furtherillustratethisassu@ion,iftheconical
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boattail.augleisheld
shorterboattailwhile
lowingresultwouldbe
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constantandthenozzlescaledup toyielda
maintatiingtheftiedvalueof db/~,thefol-

“

predicted:Thepressureaheadofthebasewould
decreatietithouta changeh thevalue~f C’~ andwouldthuslower
thebasepressurecoefficientCp,b Ebelowt ~ valueobtainedwithth~
longerboattail.Theapparentsuccessofthissimpleestimateinsome
casesmaybe fortuitous,sincea fixedvalueof W maynotbe at great
variancewitha ftiedvalueofmeanpressure-risecoefficient.The
followingtablepresentsvaluesof Cp,a fortheafterbodiesconsidered
herein,sothat Cp,b w be conve+a to C$,b forusewithother
afterbodyshapes:

Free-stresmMachnumber, , 1.9

P ‘b/%
2.67 2.0 1.67 1.4 1.11

3
5.6 0.018 :.035 -0.010 0.03
7 -.005
U -.049

Free-streamMachnuniber,~, 3.1

5.6-0.016-0.04 -0.0271.022

EffectofNozzle-ExitAngle

Itwasshowninthecaseof jeteffectsonboattailpressurethat
increasingthenozzle-exitangleincreasesthestrengthofthetrailing
shockandhencetheinterferenceeffect.Froma considerationof

()
~ thesameresultisexpectedwithanannularbase. Infigure9
q
~he”effectofnozzle-exitangleonbasepressureisshownforthecase
ofthreenozzleanglesintwuafterbodiesat ~ = 1.6. Pertinentgeo-
metricpammetersareindicated.Thedata,whichwereobtainedbyC.A.
deMoraesattheNACALangleylaboratorywithsolidpropellantrocket
gases,clesrlyindicatethatincreasednozzle-exitanglesincreasethe
annularbasepressure.

EffectofJetTemperature

Theconsiderationofrocketgasesgivesrisetotheproblemofthe
applicabilityofdataobtainedwithunheatedjetfluids,whichiscon-
sideredInfigure10. Datawereobtainedfora fixedmodelgeometrywith
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unheatedair,unheatedcarbondioxide,andtheproductsofcombustionof1! an oxygen-alcoholrocketusedforjetfluids.Theuseof carbondioxide
witha ratioof specificheatsy of1.3produceda moderateupward
shiftinthecurve.Therocketgasesproduceda muchlargerincreasein
thebasepressures.Dataarealsopresentedthatwereobtainedwiththe
large-scalemodelh the8-by 6-foottunnelwithunheatedandheated
air. Theeffectofheattigtheairto 2500°R wastoraisethecurve
slightly. Thus,theuseof dataobtainedwithunheatedairisconser-
vative,inthatthevaluesofbasepressuresretoolow.

8
8 Analysisofthetemperatureeffectiscomplicatedlyvariationsti

y, T, and R, whichaffectthejetshapeandmixingendhencetheeqected-

vslueofmeanpressure-risecoefficient
()
$ acrossthetrailingshock.

However,theresultsarepresentedfora simpleempiricallyderivedcal-
culationto estkte theteqeratureeffectsby considerationofthe Y
ofthejet. Theassumpti~mwasmadethatthejettotalpressuresthat
producethesamebasepressureforvariousvaluesof Y andanygiven
nozzle-tierbodycombination-arethosewhichyieldthesamevalueof
jetexitanglev. Withthisassumptionitwaspossibleto correctthe
dataat T = 1.4to othervaluesof Y as indicatedby thedashedlines.
Thiscorrectionappearsadeqpateforcorrelatingtheah andcarbon*
dioxidedatafromthesmall-scaleexperimentsaswellasthehot-and
cold-airdatafromthe8-by 6-foottunnel.b addition,thecorrection
correlatesboattailpressuredragsforthelargemodel.. Thegoodagree-
mentisperhspsfortuitous,sincethedataobta~ed~th a rocketare
notpredictedwitheventhelowestpossiblevalueof y. Severalcon-
siderations,suchas theunknowntemperatureandvelocitydistributions
at thenozzleexit,thepossibilityofburntigdownstreamoftheuozzle
exit,andtheappearanceofa layerofwaterflow5ngoverportionsof
theinternalnozzlesurface,makeconclusionsd~ficult,however.Addi-
tionalresearchisobvious3yrequired.

EffectofReynoldsNuniber

Anotherquestionthatarisesinconsideringthevalidityof snaJL-
seal.eunheated-jeteffectsistheinfluenceofReynoldsnumber,which
wasinvestigatedbrieflyas indicatedinfigure11. Theeffective
Reynoldsnuaiberofa turbulentboundarylayerwasvariedinthreeways
sadtheinfluenceon jeteffectsdetermined.h thefirstcase,
ReynoldsnuniberRe wasvariedbyrunntigsimilarmodelsinthe18-by
18-inch(~ = 1.9) sadthe8-by 6-foot(~ = 2.0) tunnelsatv~ues
of Re of 5.5x3.06and35x106,respectively.Thejeteffectsonbase

m pressurewerenearlyidentical.Alsoat aMachntier of1.9enda low
Reynoldsnuniberjthethicknessoftheboundarylayeraheadofthebase
wasincreased~ thnesby artificialtransition(ref.5),withonlya.
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small.increaseinbasepressure.Lastly,at
Reynoldsnumberwasappreciablyincreasedby
tithonlya slightdecreaseinbasepressure.

a
a

eludedthat,as inthecaseofplainbdies of

Machnumberof3.1,the ,
changeintunnelpressure,
Itmightthusbe con-
revolution,Re.ymoldsnum-

berhasonlya sti effectonbasepressure,providedth&bo-&de.rylayer
isturbulent-aheadofthebase. Thisresultisconsistentwiththefact
thatcritical-pressure-risecoefficientisrelativelyindependentof
Reynoldsnwiberforturbulentboundarylayers.

AnnularBaseBleed

Infigure12thecaseisconsideredinwhicha bluntannulusis
presentandwhereitisdesiredto reducethebasedragbydischargtig
atifromtheannulus,asproposedinreference14 (seealsoref.15).
Sincebluntbaseswithconvergent-divergentnozzlesexhibitthemostdrag,
Itwouldbe desirableto studysucha case;however,becauseofmodel
limitations,itwasnecessaryto simulatethiscasewitha convergent
nozzleatlowpressureratio.Forthecaseillustrated,db/dn= 1.4.
Thebasedragcoefficient(basedonannularbasearea)withbleedflow
maybe expressedasthesumofthreeterms:(1)thatduetobasepres-
sure,(2)thatduetoexitvelocity,and(3)thatdueto inletmomentum
(indicatedasfree-streammomentum).Thesumofterms(1)and(2)repre-
sentstheexittotalmomentum.Thisquantitydropsrapidlyfroma positive
to a negativedrag(thrust)as~hebleedtotalpressureincreases.Also,
as shownintheright-handportionofthefigure,thebleedweightflow
increases.Ifthebleedairischargedwiththefullfree-streemmomentum
((1)+ (2)+ (3)),thereisonlya smellinitialreductionindragand
thenan increasethatlevelsoutwithlargeweightflows.Thus,as in
thecaseofplainbodiesofrevolution,ifairistobe takenaboerdfor
theexpresspurposeofreducingbasedrag,itshouldnotcomefroma
free-stresminletbtiratherfrana low-energysource.Forexample,
withanunheated“jetthedataindicatethata bleedflowof1.7percent
ofthejetflowcouldbe obtainedbyventingtheannulustoambient
staticpressure.Iftheinducedflowcsmeprimarilyfromthelow-energy
regionoftheboundarylayerwithnegligible–momentumcharge,thebase
dragwouldbe eliminated.Incasesinwhichtheairmustbe taken
aboardforair-conditioningortail-pipecooling,theinletmomentum
chargetotheaircraftcannotbe avoidedanditappearsthata blunt
amm.ilus,ifpresent,isa goodplacetodischargetheair.

be
to

Base-burningschemes,suchas suggestedinreferences16and17,may
quiteeffectiveinreducingbasedrag,butaremoredifficulttoapply
aircraft.

*

●

—
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TotalAfterbodyDrag

Manyoftheimportantparametersinfluencingjeteffectsonbase
pressurehavenowbeenconsidered.Figure13 ispresentedto illustrate
boththeutilityofthedataandthefactthatannularbasepressuremay
imfluencethechoiceofafterbodydesi~s. Afterbodydragcoefficient,
includingjetinterferenceeffects,ispresentedas a functionofbase-
to-nozzle-exitdiameterratioforbothconvergentandconvergent-divergent
nozzleswiththesamethroataxeasandwithsxiaLexitflow. Thecurves
arepredictedwiththeaidofthedataofthisreportandtheresultsof
references5 and1.2.Onlythecaseofa smallboattailsmgl.eiscon-
sideredata Machnmiberof1.9witha jettotal-pressureratioof10.
Inthecaseoftheconvergentnozzle,thetotalafterbodydraginitially
decreasesslightlyasthebasediameteris increased,becauseofpositive
pressures(thrust)ontheannulus.Furthermore,a rektivel.ylargebase
annulusmaybe utilizedwithoutincurringanydragpenaltyat thisMach
number.Inthecaseoftheconvergent-divergentnozzledesignedfora
pressureratioof10,however,thedragis indicatedto increaseimme-
diatelyasan annulusisadded.It isthusdesirabletokeepthesizeof
thebaseannulusto a minimuminordertoavoidcostlydragpenalties.

n CONCLUDINGREMARKS

Sufficienttivestigationsoftheproblemof jeteffectsonboattail
. andbasepressureshavebeenconductedto clarifymanyoftheimportant

parameters.However,whileansweringsomequestions,thesestudieshave
servedtopointoutadditionalproblemsthatshouldbe investigated.
Withtheexistingdataandsomeoftheconceptspresentedherein,it
appearspossibleto estimatewithlimitedaccuracythedragsof_
atterbodynozzleconibinations.~hus,althoughtheresultsmaynotpro-
videprecisedragcalculations,theycanserveasa guideto goodafter-
bodydesignpractice.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

C!levetid,Ohio,August28,19S3

ImFmENcEs

1. Er~: Widerstmdsbeiwertef~ d~sA4V32mitB&cksichtigungdes
Strahl- undReibungseinflussesfurUnter-undUberschallgeschwin-
digkeiten- UntersuchungderStrablexpasion.PeenemundeHeeresver-
suchsstelleAerodynamischesInstitut,&rcMv Nr.66/105,kS 24,
1943.
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